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A8 is krnown, t%the elecltrical condrctivity of plasma, the
time of establishing the thermal equillibrium betweeh electrons
and ions, and also the time of heating the electron component
of plagma all increase greatly with temperature. Consequently,
the usual Joule method of heating plasma may be difficult to
apply in the region of high temperatures (above 107°K’), especi-
ally if the current alone (without any additional measures) is
used for coenfinement o¢f the plasma. Therefore,it is of interest
to study other methods of heating plasma which do not directly
use Jonle heat., HMethods by which enexgy is directly supplied
to the ion component between collisions of the particles are
of specisl interest.

Some of such methods make use of ionic resonance as well
ags other resonance phenomena of the plasms, in an external nag-
oetic field.

In thig connection it is of interest to study systematical-
1y the high frequency properties of plasma in an external mag-
netic field.

This paper deals with certain data on the high frequency
oscillations of plasma,

% 'Translated through the courtesy of the USSR Government
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I. Xinetio theory of oscillation of boundless

plasma 1n a magnetic field

The high frequency properties of plasma may be studied most
completely by meanz of the kinetic equation, in which the colli-
sion operator may be omitted. This equation for particles of

sort  may be expressed zs.follows (1): o]
Ad = Y ed P i oL
D‘t. D o=al e E -J%"\-,r v Wo v =0

‘ R% My,
where: f (¥, v, t) is the perturbation of the distribution
funotion from the #quilibrium function, which we will denote as
fou (#®); €yand M4 are the charge and the mess of sort o partic-
lesjuw, —-fe“[H/ (Ho is the external constant magnetic field inten-
Sit.}')y

E is the electric field intensity; the top sign is for ions,
while the bottom sign is for electrons; the angles are shown in
Filg. 1,

_}t is not difficult to see that the electric field intensi-

ty E satisfies the following equation:

— - - -
»E- graddiv b - Ca%%: Ca 5{ ?h)’\f%ad\f

-

— 1. /2/
We will look for the gquantities h and E in the form of
plane waves . i et
%o(‘ E~¢ , Imw >0

)
By substituting these equations into 1. /1/ and 1. /2/ we ob-
tain the follewing set of equations:

3

Z i_n‘a(ﬁ'. xu‘&.k) *’ELK-]ER'_'O LE 4,23, 1.3/

Rzl

where: . .
ind +ig - Lagsin¥-iby
etu(w',u):&uu*& 43'»8.& -J’U",f“ LGy sint +Lby fu,ke Laysin badwdl_;
Q, = £ RV, SinB/ Wy £ (k3 Cos8 - W)/ Wy
e 5 i’=:‘f‘g ﬁ; 22 g et
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Phe quantities ¢ 1k form a temusor of dielectric constents,
We sce that ¢ ;). dspends on the wave vector as well as on the
freqency. ‘n other words, there ig space dlsperdion in the plas-
ma as well as a time dispersion,

The rollowing relation may be derived from equation 1./3/[5Jz

Dct{h‘a(xi'x“ *FLR) *’ELK} = An“"‘ Bn‘a +C =0

A =€, Sin®B +E,,008° B +2€,; Sind Cosd 1./8/
2 , 2

B = 2(‘5:; €as TEy,E z3) Gy D50 +E& 4 -€, 833 -(& 22855" 633)"

- (£, €., €,7) S5m0 Q:‘Det.((gtk)

It is used to detbermine the reXraction imdex of waves propa-
gating in plasma,

If ior motion is not account~d for in the above formzlas,we
obtain high freqiency electron oscillationg, Iret us consider,
Pirst of &ll, such cscillations when the plasma temperature is
equal to zexo ('Ee e 0)o

The coefficients in dispersion equation 1./3/ do not depend
om K witn Ty =0, Tmerefore, the solution to eqation v /4/ is
as followa:

2 "BotVBce‘L‘nycc

Ny 2B, Te /5/,

wnere
A,=4- U-VIUY s ®
B, su(a-v) -2(-v)3-uv G’ é,
Co = (1-v)% —u (1-v)
e (), Vo (2P, @ = ()"
This equation determines the refraction indices for ordinary
and extraordinayy waves in the "hydrodynamic" approximation.

Teking the coefficient 4 as zZero, w Tind the natural fre-
guency for lengltudingl oscillations of the plasma in a magmet.c
tield witn T, = O

[

Wy 7 _‘2'(9:"‘00:)?%{_(%:2* Ucz)e—uQcawge 'i‘os?e] e
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How let us account for the thermal cocrections, assuming
that We >> wSe |, where S, 1is the thermal velocity of the
electrons equal to Se -(%:)”. In this case the digpersion
eqation may be expressed as follows [4'3]:

gx n°+(ﬂefB‘)n"+(B, +C,)ha.+Ca =0 1'./6/
where
s
Se? §-3u+u? L 3sne
A, = "gea‘lf‘ {3&»"9 O-u)*"(‘l:ut)‘i_ CoslB5in2Q + quu}
A SeZ . [2li+u- . .
ke B, = 'C—i-'\l {2 :_i 2 Cos®3 Sin™9 +(l+C>s‘®)[(|-u-v)(3cosze*s—:?—zae-)+
“143u 3520 25niQ [ t+3u-vouV
+(l‘r)((l~u)l (os2d + T_—%r)}"‘ — - CosB +
201-w1+2u=v) a]
1< LIU. Slh G N
5 - = Sl [0 1+3u-v-uy @ g, 20-udI*2uTY) ¢
- < caV{ 1-u [ -u Cos6+ 1-4u Sin G]+

. in 20
+[U-V)a—u] (esto+ T }

. Tne se equgﬁons have three roots n,z, n22, n32, which de-
e termine the refraction indices of the ordinary, extraordinary
N and plasma waves respectively. ‘he first two roots are determi-

ned by tne formla

N, =nt(4+6y) | .71/,
where

&:=-(Q.n; +Blnat+6.)(2ﬁonzt+3.)‘1 s /6‘-:/«1
wmile the refraction factor for the plasma wave is determined
by the formila
2 Ao 5
rL}:-"'E; , ‘C—« /A°/<<" [3] 1./8/‘

If the frequency is near W+ or W=, 3

n. = - &— n 2 = Aot ncz“l‘ﬂ.ae 1°,?,!
L B, ! 23y T 24,

Approved For Release 2009/08/31 : CIA-RDP88-00904R000100130022-3 e



Approved For Release 2009/08/31 : CIA-RDP88-00904R000100130022-3 |

- 5 - A/COTTF . 15/P /2300
USSR

Let us consider the case of resomance where W= W,, Here,
the refraction factors for the ordinaxry snd extraordinary waves
are determined by the formula

where ’
=iV F B[ suiorcoto)] n, -
= [ 0-5)(1re28) + (1= ) sin?o] n?

. v \ : v a- 4 1./’]0/- ey
+ Q=-v)(1- a)} (2 sin’e ng - 2y = 2 - Sin @)

We see that the resonance waves decay rapidiy. The decay coef-
ficient is of the same order as the quantiby 9,‘/c ;3 it is

mickh larger than the thermal corrections to the refraction indices
for +the ordinary and extraordinary wawves.

If wwamwe 4 where m= 2,3... (harmonic resonances), bthen

R, ,=n, +ix, where [5];

mWe
_ (..___—)c_

5 M=3 gz zm =)
Itm( ce'n‘t) Sin ” ae , Ew = V2 Se ny

It shculd be noted that the decay is exponentially small far
away from the resonsnce freqencies and is of the same order as

the decay found by Landsu [2]=

wt
¥, ~we” =WEsTe
Let us now consider tae longitudinal natural frequencies of
the plasma. The electromagnetic waves in the plasma cannot be di-
vided intoe strictly longitudinal and bransverse waves in the pres- T
ence of a magnetic field, Howevwer, for the 1inriti.né casg of n>w .
the longitudinal plasma waves which satisfy the condition A = Q

can be singled out, Taking the thermal correction into account,

the roots of the equation A = O are as fc]lowsB’ 6]:
2 .
«Q)‘)a =wi (1-"“&4_') :/Et/«1 1:/11/5
where '
K252V, w . 6-3uaet Uy
€y= Trv, ue( / 2Sin'0 {3%5 o —(45—11+53___C°529%”29+

4 . \2 = [ We)\? —
: %‘%‘s} - '

Ve

~

R e . . S _
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The decay of the plasma oscillations is of the order of L.
Let us consider the case whexre the frequency of plasma
osoclllations @, is close to Mwe (for m=2,3...). If the angle
between the direction in which the wave is Propagated and the
magnetic field is not near —er- s» the plasma resonant oscilla-—
tions will strongly decay. The decay coefficient is equal to 3
VF mY sin™g K Se\om-4
fon = FEEEES m! 029/ {“_ m* (m2.1)"2 *“32 @}( w°>RSe 1./12/.
Plasma waves with frequencies mMwe-E&m ¢ oimwe +&m gcannot be
propagated perpendicularly to the magnetic field. Here, the
"slot" in the frequenocy spectrum is determined from the equa~
tion (7.3),

€ i = (m2-1)(2 "‘*'ml_)_l/a (RSe/we)m-ZK Se
1./13/

We have considered above plasma oscillations without ac—
counting for ion motion. Now we shall investigate low :f.’fequen—
cy plasma oscillations in which the ions as well as the elec—
trons move. These oscillations are usually described by means
of :1agneto-hydrodynamic equations. This is valid only for the
case in which thé frequency of oscillations is much smaller
than the collision frequency V . In reality, however, magnet o~
hydrodynanic waves may exist for any relationship between w
and V . It must only be assumed that the frequency of oscilla-
tions is small as compared with the cyclotron ion frequency
w8, 9}

It may be shown from equations 1./1/ and 1./2/ 10 that
two magneto-bydrodynamic waves exist for the case an ordinary
wave having a frequency of

Wy =RVaGs® | Vy= (M asmnm)? «c 1./14/
and an extraordinary: wave having a frequency of
wz'—'k'vh l-/.LS/u

The decay of the ordinary wave for 8~1 is determined by
the following formulas:

i ) v
o (W“’-“‘ﬁ‘%% %L—Z‘ exp(-Va /2 5¢2), 51 =(Ti/m; ) vy
e (K'/w)1 ,\,Nwﬂz/w.t?- . ) o

RO i 7 R SRTA

1./16/.
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The decay of the extraordinary wave is equal to

() =V Y orl shegz) Savs 1/

These formalas, as well as equations 1, /1G/ and 1. /12/, o
not include the decay caused by mpearby" colligiond.

Formulas 1./16/ and 1./17/ may be used if tne decay is slightf
i,e, V«w , The rate of decay increages as the phase velocity
falls. An ordinary nagne to-hydrodynamic wavg quickly decays -
( Fi~w,~ VA ) if 57w’ Vil wi? o ko extraordinary wave begins
to decay quickly if the Alfven velocity VA is compatrable with
tne tnermal velocity of the ions Sje. .

#inally, let us consider low frequency longitudinal waves ..
In the absence of a magretic field the frequency of these waves is
determined by the Tonk s-Langmiire equam’.cmL H

@R Rue 14/18/,

W= Wo = m
9,‘, = (‘UTQ,Z o m-‘,)l/"- Qe =(-""’/“‘f"["?‘n">ve {12]
The decay is expressed by the following formla :

where

e T e Sy Rae 1. /19/+

SmL (‘*Kt Qel)a
Here, Tg d1s assumed to be much larger than Tj.
Eqations 1¢/18/ end 14/19/ may also be used when there is &
weak magnetic field that satisfies the condition We & % e
if there is a strong msgnetic field, where Wi > RS two ‘lon;-
gitudinal waves may be propagated in the plasma at frequencies W,
and W:

Vs
2 . 2Q 11.' 20 .
60;212 : JE_ (W°a“'wi.a>t %{(woz*wtz) — 4 (Wotuy Cos } /20/

These waves have the following decay cosfficients

y
W, 2 1=._/2,|/.
m,; =\/IT§'

R30.3 (®x30/(1+ £g20 W/ (@5 —wri)i|ze R
In deriving equations 1./20/ and 1¢/21/ "the following assump-—
ticns were made:

/W —wi/>»> %500 W s> R 5Gs 8, w & RSe Cos0

"
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At intermediate magnetic field intensities, where We » RS

wiecks, and 8 is not cloge to _M , the frequency is obtained
from equation 1,/18/, and the dgcay is equal to

X"z 2”’“ 10‘/22/1‘
/Cas 8/

2.._Have guide and resonance Droperties of a plasag
cylinder in a ;ogg;mg;g_a,; magnetic field

In order to ascertain the possibility of using bigh frequen~
¢y heating for plasma, let us look into the wave guide and reson-
ance properties of a plasma cylinder, which is located in a mag-
netic field directed along the cylinder axis. kt is necessary to
consider wave propagation in bounded plasma since the di spersive
properties and the electromagnetic field distribution may differ
markedly in unbounded and bounded plasma, )

Kinetic theory gives a full picture of wave propagation,
however, the basic features of tne processes that are of interest
to us can be found‘i‘rom a simler set of equations, i.e, two—com-
ponent hydrodynamic equations;

d Ve = - - - -
Y‘ne rre =“EE"%[\Q‘HO]“'MEV(U’L—W@)
. -~ - = - - .
m, i:L = ef + %[ i Mo = mev (Vi -ve) 2¢/1/,
- -~ - JE - DH
wt Bt en(i-n)+ £ 57 wtEe-t+ 2

WNIU‘& and Yr: are the electron and ion velocities;
B, andm; are their masses;
o is the equilibrium dengity of the plasma;
V is ‘the effective collision frequency; R
H is the inbensity of the extermal magnetic field (H, / z).

Assuming tnat all the quantities are proportional to expi
(k32 - @ t), the following equations mey be derived for determin-

ing tae longitudinal companents of the electric and magnetic fields
of axially symmetrical waves:

AfElﬁ-vEP al'E;_'+qEzA=0,w Asz +2p oy Ha +Q(Hz =0 2./2/,
wiere ‘ '
. ood d e
B - co =

T 5)‘

RN
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p=zE [(2- €7 v e.8) 0% = (v ea)kst]

%’%& 5:[(5.-Ez)Ka'\(33][(5.*22)\{2-‘{3&]

)

& :1+ 9?52(1+}1)[w2.w¢60¢+1,w.)(Hﬂ)]

: ©F We? (4= P -Tw?-cog o *Lwd (14 M
¢ = W we 922(}"‘2‘1)
2 WPwe? (-2 - [wi-wewi vt wv(bp]?
E(A+ M) H M
€. = - Re / g &he Wy = —
3= 1 ®lwsiv e p)] ? We = e ©omie
2 4Fetn - Me
®e© = Me ) H= mi

The quantities €. & & form a tensor of dielectric

constants €& L& 0
A euf ke to0 )
0 0 &,

The solution tq equation 2./2/, regular at the point
is as followss

Ea =83 (p)+ BY. (Kap) 2./3/

where S
R.2- p v p2-q
Rza =p - m
. “he remaining components of tne fields inside the plasma
cylinder are determined from Maxweli® s equationgs

1

W & LR

E_P ) K3 2-‘(@31(%}:)“ _a{{g:“ RB3, (Rap),

R, 8 Re 67
E‘f = él HB. Q. ﬂjl (.Kl SJ) + éaz R} S BJ, (Rap)’
Le CE N 2e/3/2,
= e, M L e
Hy & w K. Ao (Rip)- Torns B3 (Rap),

P— o kig™ Ky &
| | HP s “EL'H"' QHL (R:P) = “'—ZZR" j‘B ]1. (Rr_f)

.. k€ i
H‘f - ‘?’_1 Hjt (H.’D) - %Eé‘aj« (HaP)
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where

M= S (£ 2-Rka2) R, N= £ (60 -7 -k,2

He RE(ERE-Rs7) + EEM

R= Ra? (K2 -Ks?) +€.RE N

Q= E,5R* RSP +E (£, RF-R) M
S= €S RRZHE (EW2-6,7) N

The tollowing dispersion equation is evolwed after malking
use of the boundary conditions at the surtace of the plasma cy-
linder:

€5 BRRILKaRY), | REER.)
RRe  Jo (RR)To(ReR) %2 Ro' (R

+

5[ (ERP-RENE#) -2 k2] L RI&RS) [H 3 (R R.) v Ji(keRo)
RE,K,2R,2 2 R(ER)L " Tolrir) 72 3°<Hzﬂo)]‘
E! {(E.“I)(E -‘Eb)(EtH?'-Nblh'E: Ra[ke (Ei+E|E,‘,_EEIE+E|)+RSZ(1+E& ‘5.3)]§
EELE R‘LEREE (Rr,2- Rze)

X

E 3: (N; Rn) - jl (Ha Ro) -
[H‘ Jo (K R) Re‘ Jo (K; R.) } =0

s and R, 1is the radius of the plasma cy-

The electron and ion welocities for the genergl case are as
follows:

v?-p - r:.lu, {Lm[wiwﬁ*i.wv*] EF+(AJ€ [Cua-w;,'+ Lw\)*}l] E\y}

)

e ,
Vey = ez, {—wc[wa-w,1+ {wp u*] Ep+in [wiw-!_“w va“] E\g} ,

Tip = TE%Z_( { - Lw[wa-weauwv*} Eprwe! p(w2-0e)+ twy ™) Eq} ,

U_,-_\f =~ :;——A‘ {(A.)z [}l(wz- (A)aa)"‘l;w \)Y] EP +iw [C\)z—wez-& Lwvy *] E‘f} )

as wtwe (- p)-[whwewiriwv ]l v sy (p)

Let us consider equation 2,/4/ Tor several limiting cases

wiere:

A}
: { .
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It W& WL, WVLWe Wi +then
SE‘.ea Cu 5?_."' See
& =4+ - ’&a=(«)(dl’ &3="
L We Wi . e Wi bu(wﬂ,\)) 2‘,/5/.

RS = ERI-RaE Ry = 1—} (ERE=R>™)
Assuming that K2R «1, R2R221, ®IAS»1 ReP>wWewy
we obtain tne digpersion equation for magneto-hydrodynamic waves
in a bounded medium
Y, (ReRo) =0, RERS=AP  Ap =38,
from here we obtain

2 We i Ro . .
Vg = Ap2 (Hif)+ 2 PN ) = j\\); 26 /674
It the plasma velocity is small [V¢ = -‘ﬁ’; & c], tne solu-

tion to the digyersion equation close to the ion cyclotron £requen~
¢y is as folliows:

- o (1 Qelpi _ cilp2py )

We Wi 2 We wi AP
277/,
2 wL? .V Wi —w ¢
@e® > C\)g&)i,) j3§6<<7==‘:§‘) _CZJ_Z&%WL &1

Here, the components of the electric and magnetic fields in~
gide the plasma are as rollows:

- JTo(kp) 1 Jo (K3 p)
2 jo (HtRo) EB jo (RB RO)
, ) 2 ( iRy TJo (Rap)

o LR 2 We Wik _ Jo(Kip) L2 JelT3F)
Hl'lﬁo{‘ = (I 22555 —H-‘:) TG Re | G Jo(R3Ra)
Hosmpg p 4 Jup R i (k3 P)
YT TLE3Le) R T30 (R EsKs Je(R3Re)
co Lt ), 2weWid } Ji(Kip) ém , We Wi g)] U\s}’)
L)” nEa{W\l' Re2 /3, (KR R, 2 k‘ Re

Jo(Ks R/g

L ‘ . "y g
Eoopdo SRt k) 4, We wu) RE_ Ji(Rsp)
h‘f ,Eo{ Ry Ky Jo LR'Re) a &\4’ geea Eaa an Jo (R}Re)—)
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For H=0, ve0, (&;~-°) equations 2,/4/ and 2,/7/ g over
into the results ot Reterence (14) ,

) In the case of very fast waves ( f¢ — o ), dispersion
eqQuation 2,/4/ bresks down into two equations with a dsfinite
type of wave corregonding to each of them

4 B Re) L Ki(FLrR) ‘0
N' :’0 ‘Rn Ro) * LR HO(:‘ LR Ru) )
H JI(N; Rc) - i RI(: LR Ro) ‘0 2.{/9/
Ja(Ka Ro) L Ro (ReF LR Ro)
wmaere 2 N
Hla‘= E‘L'Ha él'a—:ﬁ.‘.
&
Haauén\%a E,: ea

Waves with a phase velocity equal to o, cannot be propaga~
ted in the plasma oylinder since the condltion for radiation at
infinity is not satlatled in this case, However, if the plasma
cylinder is surrounded by a metal casing, these waves nay be pro-,
pagateds

Here the dlgpersion equation is as follows:

3 (iR 1 (HaRe)
FEE (PR E-RKE +R,R,Q 35 oh MRS SRRy 0 24210/,
whore ) R casing
P
The corresponding components of tne electric and nagnatio
£ields are as followss

PRe > p 2 Re —

Ey = tomt =0

I
a
5

s Gmb = Ha

E"‘EsHPE ———-";HP &HlpEgPEHARSE}
y k-] & i ‘ lc‘agﬂ
EP'Hy‘Hga P

G < fafs el [L JUKA) B 3i(Ma R
Yo £, Rytal,® [ K js(H,ﬁa) Wa T CH;_HG)

2o /103./.

R,>p>0
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[N
L€ R [ Jo(RP) 3o (Ka P) } ’
e T B ORSRE [ To (KR Jo (R, Re)

€2 KaHe {R.“ﬁ JKp) K2R JJ_(_HLQ,E’

Ep=% wiwi ] ®e Jkp) XS Jo (Ra k)
€265 KMo { R Wkp) | KR l_sﬁﬁlﬂ}
= Lc “‘",:""_‘f vy o o J Ka Ro
H‘f & | NP. -K, K J (N: R.) HZ o ( ) 2.//1ob/.
" Ho Jo (KP) ¢ Do (RaP) }
Hy = RZ-v2 {M' Jo (¥ Re) N Jo (R2Ro)
oo iK%k frQ 3 ey Ky D (Rap) })
§7 0 Ra2R? { KEE, o (KR k§E,  Te (Refe)
Hp =~ Ev
If the rrequencies of the waves belng propagated in the plas-
ma cylinder are large ( @ >»VYwe w. )y the ion motion may be
neglected and dispersion equation 2./4/ reduces to (15):
£y jI(R'Ro)]l(R; Ro) \ ) K’-a(i Rn) _ é:fg(Ka+R§‘/(£5Kz+H;)
KBz Jo (R.Re) Jo (Ka Re) %2 R (XR) 282 R AR, (K2- k)
-'—!_—R 3 {RRs) 3. (RaRo) ]* 53[(5-Ka'kae)(5-*‘)‘5§ w3
X & ! Ja(HcRu) R (Ra Re) EE,R,zRa?‘
o R (X Re) X[R 31 (KiRo) +R J, (Ra Re) ] 2./11/,
YT Ho(R Ro) P Je (M Re) 5 Jo (Ka Re)
where
] 2' _ 9_&2 We R 3
€=1" Horar Y mme—ey  Sacl- ax

‘thus, dlow and fast waves as well as waves with a phase
velocity of C may be propagated in a plasma cylinder located in a
megnetic fieldd
Equations 2, /2/, 2./3/ and 2./3%a/ express the penetration of
the field into tae plasma cylinder, They determine the rorm of

the £ield in the plasma cylinders

It may be seen from these' relationships and numerical calcu-
lations that electromsgnetic waves penetrate quite deeply into
the plasma (see parag,1) if the plasma is dense enough (Wi<we «S),

This is connected with the gyrotropic p'roperties of a

plasmag cylindér‘. |

Fron equation 2./3/ it follows that the radial di stribution
of the tield &pemdson <. and €&: as well as on ; . Theretore,
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2
even when €71~ %‘% “0 y the field penetrates the plasma,.

Lat us now dlscuss the question of the ensrgy obtalned by
the particles in the high rrequency electromagnetic field under
conditions sinilar to these of resonanoe.

Tas resonance conditlons for dense plasuma depend on the
dengity and geometry of tie plamma in contrast to the case of
Tree electrons and ions whose cyclotron resonance tregiency
does not depend on these conditions, Phis is connmscted with a
displacement of the resonance frequencies and a change in the
way the field pemetrates the plasma,

Hore we suall limlt ourselves to the two most interesting
cases wmen K,— o= gnd waem Ky — O. 4n the first case the
phase velocdty of the wave B,~0, and the corresponding oscilla-
tlon frequency coincldes with the frequency for ion or electron
cyclotron regonances, When @ — wi. and assumlng that

v WwL-w /, We
w4/ S >
the electron and ion velocities are squal to
Tep T ma Vipr Sl M2/
2. M2/,
l,rg_gf_: —L\I'ap \f“’ ==L \rLP ’

We see that tise welocity of the Lon is much greater than
that of the electwon. Let us note that in the oase consldered
the resonance frequency depends but slightly on the plasma den~
glty and the geometry of the oylinder 2./7/+ It Ls the same asg :
the cyslotron velocity for a free lon. —

vaen the following condd.tiozgm are tulfilled
&

i~ s AR -4

and @ -~we p 'the veloolties of the partlcles are equal tos

' s S o€
Vo e iTom) Vip s g 2./13/s
Vey= L Fep Wiy = Wip

In this ogse the electron velositias are mugh greatar than
the ion velocitlies,
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Yet us now consider the second limiting case, when ¥, —~ 0,
Tis case corresponds to the oscillation of the cylinder as a
uwaole. Mere, the electromagnetic Tields doecs mot depend on 2,

Digpersion equation 2./4/ with ¥, = O bres s dewn into two
equations (see 2/9/), The dielectric constant &, corresponding
Y a purely transverse oscillation is equal to  (16)s

e Yy, 2 2 \ . h) , 3 C o~y 2.
(Wel- W)= i) =R o (14 %2 {1+ M) (WP wew)( Red iy ) + W3V (14 )2

c
(We2- ) (W= )+ (14 ) (02 ~wew)(Re-2ewv)+ Lwy (+ ()2 (R -iwVY)

[

Wth V = 0 the zeros and poles of &, will be located at the
rollowing frequanciess

“eros:

s =L 2 2,5y 2 / L . 1%
Wiz (et a2 Ret) £ (W' w2e 20 1) (weir g 02 ) | &

- 2 2
e I+ Tu%‘) ®e Lwe

W, =
+ ‘Ef»wci

. Red > e ?
Poles: 2./14 /a

- by 5 : " - '
we [} (WesR 24 @%)t ‘s\/(we%wms?&)iewcm@mc w.) }

/"g_

@ea & (Uaa 2. /14‘/1)
g\?oe 2 We 2
R’ & Wewi
Re'» el
The ion and electroh velocities and also the corresponding
remetration depths are expressed by tne following relations:

E_. disgiven on th :
( v gl 2 | e boundary :
Y w= w (vt w:m) , Rel & We wi | V& We

.
S Chwveder L usy g
Miwi 21 eV LPT mLen 2v

_fBe Ly - Qe efy,
U‘g_? T oMW 2 oy V“” i L AT ‘:‘\;‘

2
3) W = we (1+3 %fg R.2 % we? V& We

Vo . i.cE-; We v =}‘\ (’_E‘f X Qéa_i,wc_\)
P = W: 3 Lp mwi 2i WeV
Vey - 2EY | We V= p <Ey HReZrl ey
mi wi 2v vy my Wi 2 ey
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2 . we?
Y w? = wen - 8 )
v_ - LEE! . Vu_)u\-,y .
ep My v ’
Voo = - SE8 . we
T Thiw, V2
4) W 9 + \'Jt)c,'2
o eEy we?
Vep = "l Wiy Ve
FoLgfy e Reewe
ey T mwn | Re Reyv

For a given component of the external electric tield ;

on the boundary of the cylinder the electron and ion velocities

Red >we’ V & We
V eE VWi we
ip® mi (A.)L v -
Ly )/«
v ey _"ﬁ_. 3= e (“thl.
b T wL v
gaee »>wel V& We
- LCE! We W
Vip - miwt Ve v Vi
55 (%)
U = eEy Wi We Wi - LVR,
YT miwr Re V Re

and corre gponding penetration dep ths are given by the following

¥

expressions:
1) W= Wy QHT———) Re’ & We Wi Ve we
2 s
EEp ((J?e £330 WiRed-2v? Wil . e fp(Re +2u PRY)
Vep == P Sme VR el 2\
ep ZMLVC\)\,EQG me 5. ¢ Se )/)'
- L(a\)u)i.
Lebp (Re'tiwivRetv2y B . [ Rt 2L W)
Vey = 2 mMe We wi Re v ly = —"—"——"'2:‘ N
2 W= we (1* -——") Qe & we' V& We
o (Qe"-LvwWe Re+20ewiv?)
e B, (Qee 2 wiy) Vip e Ep(Qe’-Lvle :
. ebplce raiuwiV) - ‘ -
Ve'P B 2 me Qedv 2mi Ve ® ?:w
. 2 .
Voo = ebpiRe®+2iwi V) v kebs (@e +iLVwe S&c-?u)euhu‘)
o 2 me X’V ty - Em;\)wezgea
3) W= SEe+ We Wese Re V « Wwe
og = - Z02Ep v ewekp
P me V Re Lp emi Ve

Vo =- 0efe (44

2me V Re

L)

v e————
e EMLVQQ

1,
c " WwWe /z_
&= Re —?:7)

e Weky

(e
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) W= Re-T we We 4« Re V& We
Jeg = ewo_EJ’ , eu);Ep
8P 7 2maVRe Vip = Zmoy s & wc)Va
* Qe \Ty
Lewety > teweEp L«Jv.)
- - & = v} T — U —==
Vey = em:.rsaa Ul T amivRe. (e 5

3. Excitation of waves in sma
We shall now consider the question of exciting waves in the
Dlasma by means of external currentse Let us begin with the simp~
lest problem of exciting hydromagnetic waves in a fluid or infi-
rite conductivity, The state of the fluid is described by the tol-
lowimg equationss
p R pETIF T[]

3P L i (pT) e
5{‘- + div (pw); 3./1/
WwEe-t 3
divH =0
. 3402/,
. wt i o= 2 (7 4].)

were f., is the extemal current densitys Assummg the current
to be mfficiently small, we may linearize the set of equations
3/1/. A8 a result, the following equation, which determines the
velocity, is obtained:

32* - . - - _0

R R O ARARE A T 5413/
were p, is the eqilibrium density of the fluid, S is the velo-
city of sound waves and Va =qo/\)4n-f,

The wariable magneti’.vc field h = H - Eo and the change in
densi ty caused by the wave are determined from the following equa-

tions: _
3 - - §
s v 3u 4/ i
— ERSSIA - —
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e change in the total energy of the medium per unit ox
time is equal to

3= [ (F 1% ]]) 42 2150
The Fourier welocity component (X, w) is obtained from
the equation '
{m*-(amz}E-{(sﬂﬁ)l-(:z,v“)vﬁ}(»?,.r)&(‘:,;;\)(‘v;y“v):
_ AL |
where j (K.w) is the Fourier density component or the external
current,

34/6/s

Taking the determinant of equation set 3./6/ as zero,
we obtain tne dispersion equation for natural oscillations of
an infinitely conducting fluid lecated in a magnetic field.

Finding Vv from equation 6, we can derive the rollowing
general equation for the radiation intensity of three types of
waves; a hydrodynamic wave and two magneto-acoustical waves:

us -7 0% 0
ez 2
Uy =Uy

2 .
dy=ams B (e 0yt B2y [ ,0,9) 8

N 520520 -Usz/ W /2 Sinty 3./7/’
W L ('u: )9.?) T do

where tr,I a, 022 and U32 are the squares of the phase velocities

or the hydromagnetic and magneto-acoustical waves
ula - VAE Ca';"e
u.'zl,s = %{(Sz"‘vﬁxa) 1V (SZ*VA!)L‘Z{;‘ Va Gy 0 }

O is tne angle between the direction of wave propagation and
ne magnetic tield; Y is the angle between the planmes (], ¥.)
and (K, H.) &

The external current is considered to be a hammonic func-
tion of time,

For a surface current of }-]: s

wt

the total radiation intensity of the hydromagnetic waves is
equal to .
Va o/B/s

st:-ﬁ"c—;‘;sz
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This quantity does not depend on the current frequency.

¥or a line current the radiation intensity is equal to

Y5 Gt 36/9/s

Bquations 3. /1/ and 3.,/2/ may be used only to describe low-
frequency oscillations, wuose frequency is much less than the
cyclotron frequency of the ions.

Bquation set 2./1/ or the simpler set given below (17) may
be used to determine the excitation intensity of the waves whose
frequency is near the cyclotron ion frequency

l —
P Bt ~ 7wl
Y - N mme 3 3. /10/.
Ed[R]- Rl S o
= WE 4T D .-
Wt ot E."é‘x oo s Ul
Mis sat of equations is already linearized. The second equa-
tion stands nere for tne relation [ +L(F ﬁ'] =0 which tollows

¥rom Ohm*s law for an infinitely conducting medium, Collisions
are not accounted for in equatiomrs 3, /10/ for the sake of the
simplicity.

It may be shown that the Fourier components of the electric
field are determined by the following equations

T L R s P T

— sipie[t-pieice (1-w‘+n*usa@)]}
S I 40T y 2 2 5../11/
= £, = Bo o {8 - ae)t-el ][ - R0 Caty-

-ﬁa &. e (1-hf‘)(l- n?5in 0 Si.wz‘f)} +

CBrEied) [k P e (1-ntan? 0:20)]
where

. Ke -Va ) W
j A:An“+5n+c’ 'h"—uT’P—'T’ Ec-m, ‘Se'we

Aep{0op aefcraeatet]- (- &t -€0)sm70),
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B :-p‘{zu B EE)1-EiEe +553[(1-EL&¢)2-E.:D -
- [1+pe(4—5¢5t- e.f)] s-mae} ,

Cs ("ﬁ"'&&g){ﬁ"[(4-&tﬁ=)2- £.5]+2p2(1- atae)u}
(The directionsof the axes are given in Fig.2)s

Taki.ng A as zero we obtain the refraction indices for
waves that can be propagated in the medium (here pressure erfects
are neglected):

1-(2-p2)(4- i Be -E1)
n}, = {1 ~Ei 8. Z(1-p €. Ee)

Sin t 0 1pt(1-Ei €o-5i®) ]2 4
£&, \[1 - Pht. [ 26, (1-piE Eg) | oim O } X
e fii g g og e AzBiBe-Eir | ag) !
X ﬁ {(4 &\.E.g) E'\. i-p? & Be Sin G-}
The total radiation intensity df is determined Dy equa~

tion 3./5/s Substituting Ey in it from equation 3./11/, we ob-—,
tain the following general egquation for df:

Stwag t

30:/1 3/.

Y- (oum)* PLeL.p J{pe B2 Be - n® (1 pdecg,)+
21+, Ee p°) Sint0 Cogty -nY ﬁzEﬂ_&gSLwaGSLwe‘fH(1-&L§e)z~&ta]*

+»('l-E.L ée,)("‘ﬁ’zai_f,; +
o e
152 g E (1 E‘ Ecsm' G)}(nz -n? = h,i-h,;-) VBZ_QRC
where 7 _ Rc

n=— ]

S Let us consider in more detail the excitation of waves by —
’ the surface current o

-t

Jo @ =4 8(x)e i
In this case tne intensity of radiation per unit surtace

is equal to: _
Sio 1 .
= _L,_.. 1‘5,\. E,e
ﬁ €, 4ny) { Rn, [1+ B2(1-e E..)"-E;,a]] * 1} 3/14/,
waere |
N . 1 —
n, =1
2 TR (e, 7 £)
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4= .
ﬁ the Tesonance condition is satio-

¢ E, (Eets
fied and G btends to :mfinity. The resonance trequencies ror tne

case of surface current excitation are as follows:

We we*
=t | g rwew !

where
QL_ a5 EL
e T 200

™ Me

Let us consider several limiting casess If &. « 1, then
{ b(1-E'\,a)'£ng
{ [ . + B +z|} 3.'/15/.'.

P
YT e | nang B (1-8.%)

In this event if 5. « 1, then

L b P P 34 /16/.
™he T TR <Vix p
2
If £.~1, then
A 1+2p? T K
’n,a'-‘ Pa(_"it) ) "n,: = W , J- ‘-W*E 3 /17/'
If &> 1, tnen
2 1 . 2 . |
Tt 0 me s M 3./18/s
\ Te
. 2 1 ' 1“W1+ ﬁ
3': ﬂ:ﬁ_ ” {1 w 1
55*5 ﬁ'—& TP ES
Let us now consider the linu.tins case §.~ 1 ( &> 1)
A 2 _ 1+ gt and

Here n2= - 3pg, 0 ™ T
Jr°° 4 2pt
J= . * pt {1+ T
< Mg 5E Vi e 52

If finally &, » 1, then
2, n? = __9_%5.
St 56/20/s

= "r'oz‘
AR
Ir the plasma is excited by a harmonic line current, we

obtain equation 3,/9/ for the intensity of radiation per unit

in length,

Y } 34/19/.
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